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Abstract
Environmentally persistent free radicals (EPFRs) have significant environmental and public health 
impacts. In this study, we demonstrate that EPFRs formed on ZnO nanoparticles provide two 
significant surprises. First, EPR spectroscopy shows that phenoxy radicals form readily on ZnO 
nanoparticles at room temperature, yielding EPR signals similar to those previously measured 
after 250°C exposures. Vibrational spectroscopy supports the conclusion that phenoxy-derived 
species chemisorb to ZnO nanoparticles under both exposure temperatures. Second, DFT 
calculations indicate that electrons are transferred from ZnO to the adsorbed organic (oxidizing the 
Zn), the opposite direction proposed by previous descriptions of EPFR formation on metal oxides.
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Introduction
The impact of particulate matter (PM) on human health has become a major environmental 
issue recognized by government agencies1–3. The toxicity of transition metal-containing PM 
is significantly increased by the formation of environmentally persistent free radicals 
(EPFRs) – composite metal oxide/organic radical complexes with lifetimes of hours or days 
under ambient conditions3,4. EPFR-containing PM has been demonstrated to produce 
pulmonary and cardiovascular dysfunction in animal models, with greater toxicity than non-
EPFR-containing PM5–11. EPFRs were first proposed to form through the reduction of metal 
oxides by high-temperature exposure (above 150°C) to simple substituted aromatics, which 
electron and X-ray spectroscopy has shown to occur on CuO12,13 and TiO214 model 
systems. However, the longest-lived EPFR species observed to date are phenoxy radicals 
generated on ZnO15, which presents a significant challenge to the generic model of EPFR 
formation because it is usually not possible to create a Zn(I) oxidation state except under 
rare conditions16–20. The extraordinary longevity of ZnO-generated EPFRs – lifetimes of 73 
days in ambient conditions– suggests that Zn-containing PM may present an ongoing 
environmental hazard throughout remediation processes.
A previous single crystal photoelectron spectroscopy study of phenol adsorption on ZnO21 
hinted at two surprising results. First, band bending suggested that electron density was 
transferred from the ZnO to the adsorbate, i.e., the opposite direction of what has been 
proposed for EPFR formation. Second, the same band bending was observed after RT and 
high temperature exposure, suggesting that the adsorption occurs readily at room 
temperature. This study attempts to clarify those earlier results. Here we work on ZnO 
nanoparticles, which are more realistic PM surrogates. This enables us to obtain EPR data 
demonstrating the formation of EPFRs, which is not feasible on single-crystal samples. We 
also present vibrational spectroscopy that corroborates and complements the preliminary 
photoelectron results. Finally, we show theoretical calculations supporting the proposed 
direction of charge transfer and suggesting that the favorable binding site for the 
phenoxy/ZnO EPFR involves coordination to three Zn cations, a departure from previous 
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models involving the reduction of a single cation by the organic. A schematic of these two 
opposing mechanisms is depicted in Figure 1. The current results elucidate fundamental 
details of the formation of phenol-derived EPFR species over ZnO nanoparticles, verifying 
that these EPFRs on ZnO form at RT. We discuss these anomalous results in terms of their 
implications for the generic picture of EPFR formation and the stability and longevity of 
ZnO-derived EPFRs.
Methods
Sample preparation
ZnO powder with average diameter 18nm (~60 m2/g) was purchased from US Research 
Nanomaterials. Phenol (CAS 108-95-2, ACS reagent grade, ≥99.0% pure) was purchased 
from Sigma-Aldrich and degassed by freeze-pump-thaw cycles before exposing samples.
Samples were prepared using a custom-built vacuum dosing manifold similar to that used in 
prior EPR experiments22; the main difference between our apparatus and that used for prior 
work is that our dosing chamber is made of stainless steel and pumped by a turbomolecular 
pump with base pressure below 10−4 mbar. “Blank” (un-dosed) samples for all 
measurements were prepared by heating the samples to 250°C for 1 hour while being 
pumped by the turbo, then cooling to RT while pumping. For elevated temperature 
exposures, samples were brought to a stable temperature of 250°C while being pumped by 
the turbo.
For EPR and FTIR measurements, samples were dosed by closing the valve to the pump and 
opening the valves to the phenol and sample tubes, allowing phenol vapor to equilibrate 
throughout the system (at RT, a vapor pressure of ~0.4 mbar) for 1 hour with the sample at 
the desired dosing temperature. After exposure, the phenol valve was closed and the sample 
tube pumped back down to the base pressure of the turbo (while cooling to RT if necessary).
For INS measurements, approximately 0.01 mol (0.94 g) of phenol was loaded into the 
bottom of a steel sample tube, then 4 g ZnO powder was packed on top of the phenol to fill 
the tube. (This ensured that enough ZnO mass was present to give a strong signal from the 
relatively weak neutron scattering process.) The tube was attached to the dosing system and 
pumped out to the turbo base pressure, then closed and heated to 250°C for 1 hour. This 
ensured that phenol vapor diffused throughout and reacted with the entire sample. After 
exposure, the sample tube was evacuated while cooling to RT before removal from the 
dosing system for measurement.
Samples were analyzed under ambient conditions at RT using EPR spectroscopy and FTIR 
spectroscopy, and under high vacuum at 5K using INS at the VISION beamline23 at the 
Spallation Neutron Source at Oak Ridge National Laboratory.
Density functional calculations were performed using the NWChem program24 and natural 
bond order analysis was performed using the NBO program25. Full details on experimental 
apparatus and the measurement and computational procedures are given in the supporting 
information.
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Results
EPR spectroscopy reveals the presence and nature of an unpaired electron species after 
exposure of ZnO nanoparticles to phenol at RT. The g-factor of 2.0044 and ΔHp-p value of 
5.4 G are broadly consistent with previously measured values for silica-supported ZnO 
nanoparticles exposed to phenol at 230°C15. The narrow signal suggests only one radical 
species present after RT chemisorption. Computational modeling coupled with vibrational 
studies help us unravel the atomistic details of the radicals detected by EPR.
DFT modeling of adsorbates on a Zn12O19C6H38 cluster suggests one possible binding 
configuration for a phenoxy species, depicted in Figure 3. (The cluster modeled here may be 
thought of as representative of a Zn(0001)-Zn terminated surface; H atoms terminate the 
model cluster to maintain formal charge neutrality, and the overall cluster is neutral with a 
singlet spin state with S2=0.) The phenoxy chemisorbs through its oxygen atom and 
coordinates to three Zn atoms. Table 1 gives the calculated charges on each Zn atom in the 
model cluster with and without the attached phenoxy species. Most of the Zn atoms become 
slightly less positive after adsorption by a negligible magnitude of 0.027e or less. (Charges 
on the cluster O atoms change by similarly negligible amounts.) The overall charge of the 
phenoxy moiety given by NBO analysis is −0.86e, and the overall charge on the metal oxide 
moiety is +0.86e. Three Zn atoms coordinate to the adsorbed phenoxy (atoms 5, 8, and 9 in 
Figure 3 and Table 1) with an average distance of 2.30 Å. Comparing this distance to the 
known Zn-O distance in solid ZnO of 1.98 Å26 and the calculated Zn-O distance in a gas 
phase Zn-O dimer of 1.72 Å27 indicates partial bonding of the phenoxy oxygen atom to each 
of the three closest Zn atoms. Each of the three Zn atoms becomes more positive after 
adsorption by just over 0.27e. That is, the Zn atoms coordinated to the phenoxy are oxidized, 
not reduced, upon adsorption. It is significant that even though −0.86e is collectively 
transferred to the adsorbed organic, no single Zn atom loses an entire electron’s worth of 
negative charge – in other words, this calculation does not suggest that a lone-oxidized 
Zn(III) species is created. The calculated transfer of electrons from the ZnO toward the 
adsorbed phenoxy is, again, consistent with prior photoelectron studies of phenol adsorption 
on ZnO single crystals.
Figure 4 depicts FT-IR spectra in the fingerprint region, 900–1800 cm−1, for phenol 
adsorbed on ZnO nanoparticles at RT and 250°C, as well as a reference spectrum of solid 
phenol. Peaks corresponding to the phenol reference spectrum are present after adsorption at 
both temperature conditions, implying the presence of a phenol or phenoxy-like surface 
species. (The major exception is the broad feature in the adsorbed spectra between 1340–
1460 cm−1, which we attribute to an incompletely subtracted bulk ZnO feature.) We observe 
two key features of chemisorption after exposure to ZnO nanoparticles at both temperatures 
– the two peaks at 1471 and 1497 cm−1 from solid phenol (black) collapse to a single peak at 
1491 cm−1 in both of the exposed spectra (red and blue), and the broad band peaked at 1224 
cm−1 in solid phenol blueshifts to three distinct peaks at 1246, 1267, and 1279 cm−1 in the 
adsorbed spectra. The former peaks at 1474 and 1497 cm−1 are attributed to combinations of 
ν(CC) + ν(CO) and δ(CH) + ν(CC) modes respectively in solid phenol, and the broad band 
peaked at 1224 cm−1 is a manifold of δ(OH) and ν(CO) modes. The constraint of the ring-
breathing and C–H bending modes to one peak at 1491 cm−1 is consistent with a 
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chemisorbed surface species, as is the loss of the broad manifold of hydrogen-bonded O–H 
bending modes around 1224 cm−1 – this is indicative of a dissociative adsorption mechanism 
to the ZnO surface resulting in a chemisorbed phenoxy-type surface species. In Figure S1 of 
the Supporting Information, we show the calculated infrared absorption spectrum from the 
cluster model shown in Figure 2, which agrees reasonably well with the experimental data.
It is immediately apparent that the only significant differences in the FTIR spectra between 
phenol adsorbed at RT and phenol adsorbed at 250°C are slight differences in peak intensity 
ratios (see e.g. the three peaks between 1240 – 1280 cm−1). No peak shifts are noted, which 
strongly implies that the same chemisorbed species is present under both temperature 
conditions.
Additional characteristic vibrational modes of the ZnO EPFR system are depicted in Figure 
5, which presents a comparison between FTIR and INS spectra over the same energy region 
(Figure 5a) for phenol exposure at 250°C, as well as a region inaccessible to benchtop FTIR 
(Figure 5b). Figure 5a shows the C–H “oop” bending modes of phenol, the most intense of 
which appear at 687 and 749 cm−1 for solid phenol in FTIR (Figure 5a, upper pane, black 
spectrum). These modes are both blueshifted after phenol chemisorption at 250°C, by 6.1 
and 14.3 cm−1 respectively. The equivalent INS data shows similar shifts after high 
temperature adsorption (Figure 5a, lower pane).
INS can interrogate vibrational peaks at substantially lower frequencies than a lab IR 
spectrometer, and additionally is sensitive to dipole-inactive vibrational modes. Figure 5b 
presents one such peak at 410 cm−1 (pure solid phenol, black spectrum). The corresponding 
mode is an out-of-plane twist of the phenyl ring, involving a large displacement of hydrogen 
atoms but almost zero change in dipole moment, which is ideal for INS but not FTIR. We 
see also a blueshift in this mode of approximately 5.1 cm−1.
Discussion
Taken together, the FTIR and INS results suggest that there are only minor differences in the 
surface species present after ZnO nanoparticles are exposed to phenol at RT and 250°C, and 
all the spectra are consistent with chemisorption of a phenoxy species (that is, a 
deprotonated phenol molecule with a reasonably strong bond to the surface) at both 
temperatures. This is consistent with our prior ultraviolet photoelectron spectroscopy 
results21, which showed that the valence band electronic structure (including the occupied 
molecular orbitals of the organic adsorbate) of phenol-exposed ZnO surfaces was nearly 
identical after RT and high temperature adsorption.
The present data are straightforward to interpret. EPR suggests that after ZnO nanoparticles 
are exposed to phenol vapor at RT, a radical species is present with a g-factor characteristic 
of a phenoxy-type radical. Vibrational spectroscopy suggests that at both RT and 250°C, 
phenol chemisorbs to these ZnO nanoparticles and forms a surface-bound phenoxy species, 
and DFT calculations provide a model structure for the chemisorbed species and suggest that 
−0.86e is transferred to the organic from the coordinated surface Zn atoms. All of these 
results are consistent with previous studies of phenol adsorption on ZnO single crystals or 
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ZnO nanoparticles exposed to phenol at elevated temperature15,21. The existence of an EPFR 
after chemisorption at RT corroborates the extraordinarily long half-life of ZnO-derived 
EPFRs under ambient conditions, as it suggests that the equilibrium between EPFRs and 
their decay products should thermodynamically favor the EPFR side.
However, this interpretation of the present data contradicts both the conventional model of 
EPFR formation and the common-sense picture of the redox activity of Zn. No Zn(III) 
compounds are known in nature, and even theoretical predictions of their existence are 
contested28,29, so in no way do we mean to suggest here that phenol oxidizes Zn(II) to 
Zn(III). And while Zn(I) compounds have been synthesized, they are “commonly” seen as 
[Zn2]2+ dimers17,19,20 or isolated Zn+ cations immobilized in bulky zeolite matrices16,18. It 
should be almost as implausible to say that either a Zn(I) or Zn(III) species accompanies 
EPFR formation on ZnO.
This presents a challenge to our general model of EPFR formation, because ZnO cannot fit 
into the redox paradigm established for other metal oxides such as CuO. This suggests that a 
more generalizable model is necessary to capture an accurate description of EPFR 
formation. We suggest instead viewing this process as a classic problem of band/molecular 
orbital alignment in a semiconductor. In this picture, we would say that if molecular energy 
levels and the band structure of the metal oxide align correctly, the LUMO of an organic 
molecule may hybridize with occupied electronic states in the semiconductor, leading to a 
net electron transfer toward the molecule and a shift in energy of the semiconductor valence 
bands toward the Fermi level (“upward band bending”) after chemisorption30. On the other 
hand, in a different material it may be more favorable for the HOMO of an adsorbate to 
hybridize with unoccupied states in the surface, leading to electron transfer out of the 
HOMO and a band bending downward (away from the Fermi level).
In this paradigm, the parameters of importance are the electronic properties of the metal 
oxide and organic – the alignment of molecular energy levels with occupied and unoccupied 
bands in the oxide. These electronic properties are accessible by both experiment and 
calculation, and reference to the well-developed band theory of semiconductors may prove 
fruitful in the interpretation of EPFR properties such as lifetime, photochemical activity, and 
decay modes. Moreover, such a model better captures the details of previous work regarding 
phenol adsorption and charge transfer in ZnO and TiO2 single crystals, as these two systems 
provide excellent examples of “upward” and “downward” band bending respectively after 
chemisorption (in addition to more explicit signatures of electron transfer)14,21,31.
To summarize briefly, we have shown that room temperature phenol adsorption on ZnO 
nanoparticles produces a phenoxy-type radical similar to previously characterized EPFR 
species produced on supported ZnO at higher temperature exposures. FTIR and INS 
measurements verify the presence of nearly identical chemisorbed phenoxy species after 
both RT and 250°C exposure. DFT calculations suggest that adsorption oxidizes the Zn 
atoms coordinated to the phenoxy, which disrupts the “conventional” redox picture of EPFR 
formation due to the improbability of creating a Zn(III) species. We suggest that this 
conventional picture is only an incomplete description of the model of EPFR formation, and 
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that an analysis of EPFR formation from the perspective of semiconductor band theory may 
prove a more fruitful approach.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights
• EPR spectroscopy indicates the formation of an aromatic radical after 
chemisorption of phenol on ZnO nanoparticles at room temperature
• Vibrational spectroscopy (FTIR and neutron scattering) indicates that the 
organic is a phenoxyl species, and identical to the previously identified 
phenoxyl radical species formed after exposure at 250°C
• DFT calculations indicate the phenoxyl radical is formed through electron 
transfer from the surface Zn atoms to the organic, oxidizing the Zn
• Due to the improbability of creating either a Zn(III) or a Zn(I) species, as well 
as the lack of thermal activation of the radical-forming reaction, these results 
suggest the conventional redox picture of environmentally persistent free 
radical formation on metal oxides is at best incomplete
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Figure 1. 
(top row) Schematic of EPFR formation from phenol adsorbed on a generic metal oxide. 
(bottom row) Schematic of EPFR formation from phenol adsorbed on ZnO; the proposed 
fate of the hydrogen atom is conjecture.
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Figure 2. 
EPR spectrum from ZnO nanoparticles exposed to phenol at RT.
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Figure 3. 
(a) The Zn12O19C6H38 cluster used for our DFT calculations, illustrating the bonding 
geometry of the phenoxy species. C atoms are gray, H atoms are white, Zn atoms are blue, 
and O atoms are red. Zn atoms are numbered for convenience of display in Table 1.
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Figure 4. 
ATR-FTIR spectra of ZnO dosed with phenol at 250°C (top, blue) ZnO dosed with phenol at 
RT (middle, red), and solid phenol (bottom, black). A blank (un-dosed) ZnO spectrum has 
been subtracted from each of the dosed ZnO spectra.
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Figure 5. 
Comparison of FTIR and INS spectra. Spectra in blue are from ZnO nanoparticles dosed 
with phenol at 250°C, spectra in black are from solid phenol. A blank (un-dosed) ZnO 
spectrum has been subtracted from each of the dosed ZnO spectra. All INS spectra are 
displayed with background corrections for the sample containers; additionally a blank (un-
dosed) ZnO spectrum has been subtracted from the ZnO INS spectra to facilitate parallel 
comparison with the FTIR data. (a) Comparison of FTIR and INS spectra over the region 
from 600–800 cm−1. (b) INS spectra over the region from 375–450 cm−1.
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Table 1
NBO charges on each Zn atom in the phenoxy/Zn12 model cluster depicted in Figure 2. Zn atoms bound to the 
phenoxy are indicated in bold. All charges are in units of the electron charge e.
atom Charge without phenoxy (e) Charge with phenoxy (e) Difference (e)
1 0.676 0.656 −0.020
2 0.657 0.657 0.000
3 0.675 0.659 −0.016
4 0.676 0.652 −0.024
5 0.799 1.078 0.279
6 0.798 1.073 0.275
7 0.674 0.657 −0.017
8 0.657 0.651 −0.007
9 0.798 1.073 0.275
10 0.661 0.634 −0.027
11 0.675 0.660 −0.015
12 0.674 0.660 −0.013
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